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Abstract 

Background: Appropriate monitoring of vector insecticide susceptibility is required to provide the rationale for 
optimal insecticide selection in vector control programs. 

Methods: In order to assess the influence of mosquito age on susceptibility to various insecticides, field-collected 
larvae of An. gambiae si from Tiassale were reared to adults. Females aged 1, 2, 3, 5 and 10 days were exposed to 
5 insecticides (deltamethrin, permethrin, DDT, malathion and propoxur) using WHO susceptibility test kits. Outcome 
measures included the LT50 (exposure time required to achieve 50% l<nockdown), the RR (resistance ratio, i.e. a 
calculation of how much more resistant the wild population is compared with a standard susceptible strain) and 
the mortality rate following 1 hour exposure, for each insecticide and each mosquito age group. 

Results: There was a positive correlation between the rate of knockdown and mortality for all the age groups and 
for all insecticides tested. For deltamethrin, the RR50 was highest for 2 day old and lowest for 10 day old individuals. 
Overall, mortality was lowest for 2 and 3 day old individuals and significantly higher for 10 day old individuals 
(P < 0.05). With permethrin, the RR50 was highest for 1 to 3 day old individuals and lowest for 1 0 day old individuals 
and mortality was lowest for 1 to 3 day old individuals, intermediate for 5 day old and highest for 10 day old 
individuals. DDT did not display any knockdown effect and mortality was low for all mosquito age groups (<7%). 
With malathion, the RR50 was low (1.54 - 2.77) and mortality was high (>93%) for all age groups. With propoxur, 
no knockdown effect was observed for 1, 2 and 3 day old individuals and a very low level of mortality was 
observed (< 4%), which was significantly higher for 5 and 10 day old individuals (30%, P<0.01). 

Conclusion: Results indicate that for /An. gambiae s.l. adults derived from wild-collected larvae, there was an 
influence of age on insecticide susceptibility status, with younger individuals (1 to 3 days old) more resistant than 
older mosquitoes. This indicates that the use of 1 - 2 day old mosquitoes in susceptibility assays as recommended 
by the WHO should facilitate detection of resistance at the stage where the highest rate of the resistance 
phenotype is present. 
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Background 

Insecticide-based interventions remain the principal 
vector control measure in malaria endemic countries. 
Insect proteins targeted by insecticides generally be- 
come insensitive to these compounds through point 
mutations such as the kdr mutation, altered acetyl- 
cholinesterase and GABA mutations [1-3]. Metabolic 
resistance involves biochemical transformation of an 
insecticide through mechanisms including enhanced 
detoxification or sequestration, ultimately reducing the 
capacity of the insecticide to interact with a target insect 
protein and cause mortality. Many studies have described 
the primary involvement of esterases, cytochrome P450 
monooxygenases and glutathione-S-transferases in confer- 
ring resistance [4,5]. Major progress has been made in the 
last decade in identifying genes associated with insecticide 
resistance and structural changes affecting their functions 
[1-3]. However, knowledge on vector insecticide resistance 
status, changing trends of resistance in target vectors and 
their operational implications remain basic requirements 
to guide insecticide use in disease control programmes. 
This knowledge can provide a basis for selecting insecti- 
cides and for ascertaining continued susceptibility to 
insecticides already in use. Standardization of test meth- 
ods for monitoring insecticide resistance is important as it 
ensures comparability of data from different sources, for 
different test populations and assessment periods. Standar- 
dized test include the World Health Organization 
(WHO) susceptibility test [6]. There are three general 
factors that can affect outcomes from WHO susceptibil- 
ity test: (i) the physiological status of mosquitoes used in 
assays, i.e., whether adult females are unfed, blood fed, 
semi-gravid or gravid; (ii) the age of the adult mosquitoes 
used; and (iii) the temperature/ humidity under which 
insecticide exposure is conducted. The WHO guidelines 
[6] for performing assays advise the use of non-blood fed 
adult females at 24-48 hours post-emergence, within a 
test environment of 23-27°C and 70 - 80% relative hu- 
midity. However, in many field studies, the age of mos- 
quitoes used varies widely [7-9]. Reduced phenotypic 
resistance in older mosquitoes has been observed in sev- 
eral laboratory studies [10,11], but very few studies have 
explored this phenomenon in natural populations. 

Since outcomes from resistance tests can influence deci- 
sions in insecticide-based intervention programs, we inves- 
tigated the extent that different ages of wild population of 
An. gambiae adult mosquitoes can influence phenotypic 
resistance to insecticides of four different classes used in 
malaria control, and whether the current methodology is 
likely to result in variable classification of resistance status. 

Methods 

Anopheles pre-imaginal stages (LI to L4 instars) were 
collected via ladles within rice farms from the vfllage of 



Tiassale in Cote d'lvoire in April 2010, a time of year 
corresponding to the transition from the dry to the rainy 
season. Tiassale is located 110 km northwest of Abidjan 
and is surrounded by irrigated rice fields. Rice farming is 
practiced throughout the year with heavy insecticide use 
for crop protection. Due to that the farms are irrigated, 
breeding sites are present throughout the year and we 
therefore assumed that the larvae collected in the study 
period were representative of the population that could 
be found during other periods of the year. Larvae col- 
lected from multiple breeding sites were pooled together 
then re-distributed evenly in development trays contain- 
ing tap water. Larvae were provided access to powdered 
TetraFin® fish food, and were reared to adults under in- 
sectary conditions of 25-28°C and 70-80% relative hu- 
midity at Centre Suisse de Recherches Scientifiques en 
Cote d'lvoire (CSRS) located in Adiopodoume. Non 
blood-fed adult female An. gambiae s.l. [12] at 1, 2, 3, 5 
and 10 days post-emergence were tested using standard 
WHO susceptibility test kits [6] with insecticides belong- 
ing to the four classes used in public health, namely 
deltamethrin and permethrin (pyrethroids), DDT (or- 
ganochlorine), malathion (organophosphate), and pro- 
poxur (carbamate). Non blood- fed female adults at 1- 
2 days post-emergence from the susceptible An. gambiae 
KISUMU strain were used as a control for each insecti- 
cide and each age group; only this age group was selected 
because this is the recommended age for WHO suscepti- 
bility assays [6]. Tests were performed following the 
standard protocol for adults at 25°C and relative humidity 
of 70-80%. Each complete bioassay was performed with 
five batches of 20-25 unfed females: four batches were 
exposed to impregnated filter papers and one non- 
exposed batch served as a control. The number of mos- 
quitoes knocked down was recorded at 5 min intervals 
during the 1 hour exposure period and the mortality was 
determined 24 hours post-exposure. Bioassays were also 
performed with the susceptible reference KISUMU strain 
of An. gambiae maintained in the insectary at CSRS. Fol- 
lowing the exposure, mosquitoes were supplied with 10% 
honey solution and kept overnight under laboratory con- 
ditions prior to noting the 24 hour mortality rates. WHO 
[6] criteria were used to indicate the susceptibility status. 
Results were compiled and analyzed using Epilnfo Version 
6 [13] to test for any significant difference in mortality 
rates between the different age groups via Mentel- 
Haenszel Chi square test. The length of the exposure time 
at which 50% of the test population were knocked down 
(LT50) was determined using WinDL version 2.0 computer 
software (CIRADCA/MABIS, MontpelUer, France), based 
on Finney (1971) log-probit model [14]. The resistance 
ratio (RR50) was determined relative to the KISIMU sus- 
ceptible strain. This was obtained by dividing the LT50 of 
wild strain to the LT50 of the susceptible strain. 
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Results 

For each insecticide and age group, no mortality was 
found in the control group hence validating the results 
from our assays. Results from another study held at the 
same time on the same field population revealed that all 
the individuals were An. gambiae s.s. from the M mo- 
lecular form (Chouaibou et al., personal communica- 
tion). The LT50 of the wild population of An. gambiae s.l. 
from Tiassale, varied from 45.7 - 80.9 minutes for delta- 
methrin and 69.6 - 193.3 minutes for permethrin versus 
15.1 and 14.6 minutes for the susceptible KISUMU strain 
for the same insecticides, respectively (Table 1). This 
indicated decreased susceptibility of the wild population 
to pyrethroids with a RR50 varying between 3.01 and 5.33 
for deltamethrin and between 4.7 and 13.25 for permeth- 
rin. Mortality data also indicated decreased susceptibility 
to both deltamethrin and permethrin (Figures 1 and 2). 
A positive correlation was observed between KD and 
mortality for both deltamethrin (r = 0.55) and permethrin 
(r = 0.97). There was significant variation in both LT50 
and mortality depending on the age of adults tested. For 
deltamethrin, LT50 was longest for 2 day olds with RR50 = 
5.33 and shortest for the 10 days old individuals with the 
RR50 = 3.01. Mortality was also lowest for the 2 and 3 day 
old mosquitoes (19% and 15% respectively, P > 0.05) and 
highest for 10 day old mosquitoes (90%, P < 0.05). For per- 
methrin, LT50 values were 164.0, 179.01 and 193.31 min- 
utes respectively for 1, 2 and 3 day old mosquitoes, 
corresponding to a more than 10-fold higher LT50 that 
observed with the susceptible strain (RR5o= 11.24 - 
13.25); LT50 was 69.64 minutes for 10 day old individuals 
corresponding to about 5-fold the LT50 of the susceptible 
colony (RR50 = 4.77); the values were intermediate for 
5 day old mosquitoes (LT5o= 129.18 min; RR5o = 8.85). 
The lowest mortality rates were observed for 1 to 3 day 
old mosquitoes (<5%), intermediate for 5 day old (42%) 
and highest for 10 day old (83%) mosquitoes. When con- 
sidering WHO susceptibility classifications [6], for delta- 
methrin and permethrin the population would have been 
classified as confirmed resistant if adults of less than 
10 days old were used in assays, and possibly resistant if 
10 day old mosquitoes were used. 

No KD effect was observed with DDT, except for the 
5 day old individuals that had an associated RR50 of 9.42 
(Table 1). According to WHO criteria, all the six age 
groups were classified as confirmed resistant as mortality 
was less than 7% or even nil (Figure 3), suggesting a very 
strong level of resistance of the Tiassale population to 
DDT that was not affected by age. 

High mortality following exposure to the organophos- 
phate malathion was observed for all age groups except 
the 5 day old mosquitoes, for which mortality was 93.6% 
(Figure 4). This shows possible resistance based on 5 day 
old mosquitoes and susceptibility for all other age 



Table 1 Time required for 50% of the population to be 
knocked down (LT50) and resistance ratio relative to the 
susceptible strain (RR50) of different age groups of wild 
An. gambiae mosquitoes from Tiassale following 



exposure to five insecticides 



Insecticide 


Age (days) 


LT50 


95% confidence interval 




Deltamethrin 


*Kisumu (1-2) 


15.18 


(1445-15-88) 


1 




1 


62.28 


(5746-71.03) 


4.1 




2 


80.93 


(6937-10237) 


5.33 




3 


73.23 


(65.20-86.94) 


4.82 




5 


72.7 


(65.42-85.32) 


4.79 




10 


45.67 


(43.84-47-90) 


3.01 


Permetlirin 


Kisumu (1-2) 


14.59 


(13.96-15.20) 


1 




1 


164.04 


(105.91-497.81) 


1 1.24 




2 


179.01 


(109.02-743.01) 


12.27 




3 


193.31 


(112.62-951.82) 


13.25 




5 


129.18 


(94.19-29232) 


8.85 




10 


69.64 


(63.50-79.50) 


4.77 


DDT 


Kisumu (1-2) 


21.37 


(20.70-21.03) 


1 




1 


-\-oo 


na 


na 




2 


+tx> 


na 


na 




3 


+00 


na 


na 




5 


201.2 


(115.24-1129.87) 


9.42 




10 


+00 


na 


na 


Malathion 


Kisumu (1-2) 


24.93 


(24.11-25.73) 


1 




1 


61.79 


(56.86-69.04) 


2.48 




2 


54.66 


(51.22-5937) 


2.19 




3 


63.76 


(58.59-71.63) 


2.56 




5 


38.31 


(35.99-41.13) 


1.54 




10 


48.77 


(46.08-52.24) 


1.96 


Propoxur 


Kisumu (1-2) 


27.09 


(26.06-28.09) 


1 




1 


-|-oo 


na 


na 




2 


-l-oo 


na 


na 




3 


+00 


na 


na 




5 


64.61 


(56.97-78.75) 


2.39 




10 


74.61 


(67.48-89.31) 


2.75 



^Reference susceptible An. gambiae s.s. strain aged 1 to days old; na: not 
available; -foo; infinity. 



groups tested. However, there was extended LTgo relative 
to the susceptible reference strain, with an RR50 of 1.54 
for 5 day old mosquitoes (Table 1). 

Following exposure to propoxur (Figure 5), no KD 
effect was observed for 1, 2 and 3 day old individuals. 
A very low level of mortality was seen for 1, 2 and 
3 day old mosquitoes (< 4%) while mortality was high 
for 5 to 10 day old mosquitoes (30%; P < 0.01). A posi- 
tive correlation was observed between KD and mortality 
with propoxur over the different age groups (r = 0.90). 
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% KD60 
% Mortality 



Age groups 
(days) 

Figure 1 Knockdown and mortality rates following exposure to deltamethrin of different ages of wild An. gambiae mosquitoes. Vertical 
lines on top of the bars represent confidence intervals. Dotted lines represent upper (98%) and lower (80%) cut-offs for WHO classifications; 
values above the upper line indicate susceptibility, values within the two lines indicate possible resistance and values below the lower line 
indicate confirmed resistance (WHO, 1998). 



Deltamethrin 



This population would have been classified as confirmed 
resistant regardless of the age class used in WHO tests. 

Discussion 

The impact of adult mosquito age on KD effect and mor- 
tality following exposure to various insecticides in WHO 
susceptibility tests, and also the resulting susceptibility 
status according to current WHO criteria [6], was 
assessed for a wild An. gambiae strain from Cote d'lvoire. 

Age-related variations in susceptibility to a particular 
insecticide were consistent for both knockdown and 
mortality rates. For the pyrethroids (i.e. deltamethrin 
and permethrin), a general increase in KD effect with 
mosquito age was observed, though this was non-linear 
for deltamethrin. A similar observation was made by 
Hodjati et al., [10], who showed a reduction in mean KD 
times of 10 day old adult An. stephensi and An. gambiae, 
relative to newly emerged mosquitoes. Another study 
has indicated that 14 day old mosquitoes were more rap- 
idly knocked down than three day old mosquitoes, re- 
gardless of the strain or species [11]. For mortality, as 
also shown by others [15,16], older mosquitoes were 



more susceptible to insecticides. The impact of age was 
particularly marked for permethrin and propoxur and to 
a lesser degree with deltamethrin, with younger indivi- 
duals being the least susceptible. For DDT, the influence 
of age on the mortality could not be assessed as all the 
age groups exhibited high resistance. The converse situ- 
ation applied to malathion, in which all the age groups 
assessed were almost fully susceptible. Nevertheless, sus- 
ceptibility to malathion has been shown to vary by mos- 
quito age for An. stephensi from Pakistan [17]. Despite 
the consistently high mortality following exposure to 
malathion, observed differences in RR50 by mosquito age 
suggest that this is a sensitive indicator of reductions in 
susceptibility to malathion relative to a susceptible strain. 

The long term and extensive use of DDT over the last 
few decades in Cote d'lvoire [18] would have led to a strong 
selective pressure on exposed mosquito populations and 
could explain the high resistance to DDT observed in the 
study population. This observation highlights a concern 
that although pyrethroids are still effective, extensive and 
exclusive use of these compounds could lead to a situation 
where even the oldest individuals are no longer susceptible. 




1 2 3 5 10 Age groups 

Permethrin (jays) 



Figure 2 Knockdown and mortality rates following exposure to permethrin of different ages of wild An. gambiae mosquitoes. Vertical 
lines on top of the bars represent confidence intervals. Dotted lines represent upper (98%) and lower (80%) cut-offs for WHO classifications; 
values above the upper line indicate susceptibility, values within the two lines indicate possible resistance and values below the lower line 
indicate confirmed resistance (WHO, 1998). 
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Figure 3 Knockdown and mortality rates following exposure to DDT of different ages of wild An. gambiae mosquitoes. Vertical lines on 
top of the bars represent confidence intervals. Dotted lines represent upper (98%) and lower (80%) cut-offs for WHO classifications; values above 
the upper line indicate susceptibility, values within the two lines indicate possible resistance and values below the lower line indicate confirmed 
resistance (WHO, 1998). 



This may have serious consequences for insecticide-based 
vector control programmes. 

Cross-resistance between DDT and pyrethroids has 
been extensively demonstrated to be associated with kdr 
point mutations in the common target site of these insec- 
ticides [1,3; 19]. In the current study, the large disparity in 
mortality rates after exposure to DDT versus the two pyr- 
ethroids suggests that kdr alone is likely to confer greater 
resistance to DDT compared to pyrethroids (at least in 
this population) and/ or several different mechanisms 
may confer resistance in the studied mosquito popula- 
tion. This was confirmed by the detection in this popula- 
tion of the kdr mutation at very high allelic frequency 
(94.5%) via molecular assays as well as indications of the 
involvement of up-regulated non-specific esterases (NSE) 
and mixed function oxidases (MFO) demonstrated by 
synergist tests via CDC bottle bioassays (Chouaibou 
et al., personal communication). Furthermore, insensitive 
acetylcholinesterase (ace-i*) due to the G119S mutation 
responsible for resistance to carbamates and organopho- 
sphates has also been described in this population with 
an allelic frequency of 50% [20]. In addition to the likely 



involvement of NSE, MFO, ace-i^and kdr mutations, 
studies using other An. gambiae populations have shown 
that a number of other mechanisms, such as oxidative 
stress reduction, can be involved in insecticide resistance 
[21-25]. The involvement of GST's also merits further in- 
vestigation as this could contribute to the higher level of 
DDT resistance relative to the pyrethroid resistance 
observed. Co-existence of all of these mechanisms would 
result in a large fitness cost, which may ultimately 
weaken older mosquitoes and render them more vulner- 
able to insecticides. Thus, there might be a trade-off be- 
tween energy used for defense against insecticides and 
the onset of senescence, however, this requires further 
investigations. Moreover, changes in mosquito physiology 
that is not specifically associated with insecticides but 
that occurs with senescence such as an increase in the 
rate of cuticle permeability or a decrease in the rate of 
xenobiotic excretion, could also lead to an increase in sus- 
ceptibility to insecticides. Increases in insecticide suscepti- 
bility in mosquitoes with aging may therefore explain 
observations relating to a lack of impact of observed 
phenotypic resistance on malaria epidemiological outcomes 
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Figure 4 Knockdown and mortality rates following exposure to malathion of different ages of wild An. gambiae mosquitoes. Vertica 
lines on top of the bars represent confidence intervals. Dotted lines represent upper (98%) and lower (80%) cut-offs for WHO classifications; 
values above the upper line indicate susceptibility, values within the two lines indicate possible resistance and values below the lower line 
indicate confirmed resistance (WHO, 1998). 
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Figure 5 Knockdown and mortality rates following exposure to propoxur of different ages of wild An. gambiae mosquitoes. Vertica 
lines on top of the bars represent confidence intervals. Dotted lines represent upper (98%) and lower (80%) cut-offs for WHO classifications; 
values above the upper line indicate susceptibility, values within the two lines indicate possible resistance and values below the lower line 
indicate confirmed resistance (WHO, 1998). 



Propoxur 



in areas with high insecticide treated net coverage [26,27] , 
since the infective stage of the malaria parasites are more 
often harbored by the older Anopheles spp. that are pre- 
sumably the most susceptible to insecticides. This hypoth- 
esis was recently confirmed by Jones et al. [28], who 
showed that as malaria vectors aged they became in- 
creasingly susceptible to pyrethroid based long-lasting 
insecticidal nets. Results from the current study showed 
that 1 to 3 days old adult females from the test popula- 
tion from Tiassale, were the most resistant, thereby sup- 
porting the WHO recommendation to conduct assays 
on mosquitoes at 24-48 hours post-emergence [6]. The 
use of these younger and less susceptible mosquitoes in 
assays for phenotypic resistance should allow detection 
of resistance when the highest rate of the resistant 
phenotype is present. 

Conclusion 

Using the WHO recommended age for insecticide suscep- 
tibility testing wOl enable detection of resistance where the 
highest rate of the resistant phenotype is present. However, 
the operational impact of that resistance may be less than 
often assumed, as the older mosquitoes that transmit mal- 
aria may still be affected by insecticide-based vector con- 
trol. The current study highlighted the need adhere to 
standard procedures described in the WHO susceptibility 
test in order to generate accurate and exploitable data to 
more accurately inform choice of appropriate insecticidal 
vector control interventions. 
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